Purpose: In this study, the authors present a silicon photomultiplier (SiPM)-based positron emission tomography (PET) insert dedicated to small animal imaging with high system performance and robustness to temperature change. Methods: The insert consists of 64 LYSO-SiPM detector blocks arranged in 4 rings of 16 detector blocks to yield a ring diameter of 64 mm and axial field of view of 55 mm. Each detector block consists of a 9 × 9 array of LYSO crystals (1.2 × 1.2 × 10 mm 3 ) and a monolithic 4 × 4 SiPM array. The temperature of each monolithic SiPM is monitored, and the proper bias voltage is applied according to the temperature reading in real time to maintain uniform performance. The performance of this PET insert was characterized using National Electrical Manufacturers Association NU 4-2008 standards, and its feasibility was evaluated through in vivo mouse imaging studies. Results: The PET insert had a peak sensitivity of 3.4% and volumetric spatial resolutions of 1.92 (filtered back projection) and 0.53 (ordered subset expectation maximization) mm 3 at center. The peak noise equivalent count rate and scatter fraction were 42.4 kcps at 15.08 MBq and 16.5%, respectively. By applying the real-time bias voltage adjustment, an energy resolution of 14.2% ± 0.3% was maintained and the count rate varied ≤1.2%, despite severe temperature changes (10-30
INTRODUCTION
Positron emission tomography (PET) is a useful biomedical imaging tool allowing the visualization of physiological, biochemical, and molecular processes in vivo. [1] [2] [3] [4] [5] The usefulness of PET data can be augmented by morphological information from an anatomic imaging modality, such as computed tomography (CT) and, more recently, magnetic resonance imaging (MRI). including oncology, 10, 11 neurology, 12, 13 and cardiology. 14 Recent advances in semiconductor photosensors such as the avalanche photodiode (APD) and silicon photomultiplier (SiPM) have facilitated the development of PET/MRI, thanks to their compact size and magnetic field insensitivity. [15] [16] [17] [18] [19] [20] These characteristics enable the photosensors to be coupled with the scintillation crystals directly in the presence of a magnetic field, 19, 21, 22 although the relatively short optical fiber bundles inserted between them are regarded useful for minimizing mutual interference between the PET and MRI systems. 16, 23, 24 In recent years, much research has focused on SiPM rather than APD, because SiPM offers time-of-flight measurement capability due to its superb amplification gain and faster response time. [25] [26] [27] [28] Previous studies have demonstrated the feasibility of SiPM for preclinical PET/MRI research. 19, 20 However, there remains a need for the PET systems with specification, performance, and stability so that high-quality images of short-lived radiotracers can be obtained and short timeinterval dynamic studies performed. 29 Better system design and integration to minimize the size of PET detectors and front-end electronics are also required to enable the combination of PET system (or PET insert) with small animal dedicated high-field MRI machines providing better system performance and availability for animal studies. Maintaining system performance despite variations in temperature is another challenge of SiPM-based systems, particularly those with PET inserts placed inside the MRI machine.
We have previously reported on our developments of a SiPM-based MRI-compatible preclinical PET system that has a relatively long axial field of view (FOV) and high spatial resolution optimized for small animal imaging. 30, 31 We designed this PET system to be inserted inside small diameter (MR opening ∼10 cm) and ultrahigh field (>7 T) MRI and to operate reliably without active cooling, while the systems presented in some recent developments were integrated with 3 T large-bore MRI (>60 cm) and needed liquid cooling. 32, 33 Here, we present the SiPM system, report the results of PET performance evaluation according to National Electrical Manufacturers Association (NEMA) NU 4-2008 standard methods, 34 and demonstrate its use in some F. 2. PET detector module supporting four detector blocks. Two crystal blocks have been removed for the better visualization of the SiPM arrays.
F. 3. PET system management and data acquisition software, .
in vivo PET imaging studies. We also demonstrate how temperature-compensation of the SiPM bias voltage makes the performance of the PET system robust to changes in detector temperature.
MATERIALS AND METHODS

2.A. MR-compatible PET scanner
The SiPM PET system consists of detector modules, biasing modules, amplifiers, discriminators, and a control module [Figs. 1(a) and 1(c)]. The 16 detector modules and other electronics were arranged in a ring shape supported by a three-dimensional (3D) printed acrylonitrile butadiene styrene frame (Mojo, Stratasys, Ltd., Eden Prairie, MN, USA). We mounted the frame on a carbon fiber tube [inner/outer diameters (ID/OD), 60/62 mm] for the purpose of electromagnetic shielding and mechanical support. Another carbon fiber tube (ID/OD, 98/100 mm) optically and electromagnetically shielded the PET insert [ Fig. 1(b) ]. An axial FOV of 55 mm and a ring diameter of 64 mm were achieved, which is most suitable for mouse imaging.
2.A.1. Detector module
The PET detector module, populated with a nonmagnetic passive component, supports four detector blocks (Fig. 2) . Each detector block consists of a 9 × 9 array of LYSO crystals (SIPAT, Chongqing, China) and a monolithic 4 × 4 SiPM array (S11828-3344M; Hamamatsu Photonics K.K., Hamamatsu, Japan). An enhanced spectral reflector polymer (3M Company, Maplewood, MN, USA) with 0.065-mm thickness was used to construct the crystal array and optically isolate each LYSO crystal with a dimension of 1.2 × 1.2 × 10 mm 3 , yielding a crystal pitch of 1.28 mm. The anodes of each monolithic SiPM array were fed into a resistive charge division network to reduce the number of readout signal lines from sixteen to four. 35 Microsize temperature sensors were attached next to each SiPM array for monitoring the temperature change in the SiPM.
2.A.2. Biasing module
One of the major challenges in SiPM-based PET system is achieving performance stability despite variations in temperature and bias voltage. 36 • C, where the quality of flood image was defined as the ratio of the separation between two adjacent spots in the flood image to the average width of the two spots. 
2.A.3. Amplifier and discriminator
The multiplexed position signals were transferred to low power differential amplifiers through 20 cm flat flexible cables, minimizing heat transfer into the detector modules. The gain of the amplifier was determined to match the input dynamic range of the data acquisition (DAQ) system. The AC-coupled common cathode signals were amplified by fast current-feedback operational amplifiers to prevent the degradation of timing performance. The signals from eight detector blocks were further multiplexed to one detector signal (8:1) by bipolar multiplexing, which encodes each detector to the combination of polarities of four position signals. 38 The trigger signal for the DAQ was generated through an analog F. 6. Timing spectrum obtained using a representative SiPM detector block and a LYSO-fast PMT reference detector.
comparator by comparing the magnified common-cathode signal to a predetermined threshold voltage. The total power consumption by the amplifiers was less than 5 W for the entire system.
2.A.4. Control module, data acquisition board, and acquisition software
The role of the control module is to set the threshold voltages of comparators in discriminators and communicate with biasing modules and with a data acquisition computer. The bias voltage and current and temperature of each detector block were monitored and controlled in real time by a custombuilt acquisition and system management software tool named software for positron emission tomography handling and image acquisition (). The discriminator threshold voltages for the multiplexed signals (signals after bipolar multiplexing) were also adjusted individually using the  software; several variables, such as expected dark current and count rates, were taken into account. In this study, we chose optimized threshold for each multiplexed signal to avoid false trigger and minimize time walk error.
The signals from the amplifiers and discriminators are acquired and processed by a custom-made field-programmable gate array ( via a 1-gigabit Ethernet. The acquisition software, , processed the single-event information and generated listmode data of coincidence and 3D line-of-response (LOR) histograms of prompt and random coincidence events in real time. The energy and timing windows were set to 350-650 keV and 12 ns unless otherwise stated, and the random coincidence was estimated from the single-event rate.
The timing window was set to 12 ns, which is ∼9 times wider than reported coincidence time resolution of detector block (see Sec. 3.A), at the expense of time resolution in order to take the time offset between signal channels due to the signal cable and FPGA routing path length difference into account. The raw data transferred from DAQ were saved for retrospective processing. The recorded prompt count, input count rate, flood images, energy spectra, LOR histogram, sinogram, projection image, and reconstructed image using 2D filtered back projection (FBP) were displayed and updated every second (Fig. 3 ).
2.A.5. Image generation
The 3D LOR histograms were corrected for random coincidence and sensitivity variation. All data were reconstructed using LOR-based 3D ordered subset expectation maximization (OSEM) with 3 iterations and 12 subsets and postsmoothed using a 1-mm full-width at half-maximum (FWHM) 3D Gaussian kernel. For the evaluation of PET system spatial resolution, the LOR histogram data were converted into sinogram and single slice rebinning and FBP reconstruction was applied additionally.
2.B. Detector performance evaluation
Flood images and energy spectra of all 64 detector blocks were obtained by irradiating them for an hour with a 22 Na F. 8. Sensitivity profile over axial positions applying various energy windows.
point source (activity = 0.18 MBq) located at the center of PET FOV. The intrinsic spatial resolutions of a representative detector pair were measured at the transaxial center by moving the same point source in the axial direction with a step size of 0.2 mm from the center to the edge of the detector pair. The time resolution of a representative detector block was measured using a reference detector module consisting of LYSO crystal and fast PMT (Ref. 39 ) and a commercial Nuclear Instrumentation Modules/Versa Module Eurocard data acquisition setup. Then, the predicted coincidence time resolution of detector block was calculated by quadratically subtracting the time uncertainty of the reference PMT (∼200 ps) from the measured time resolution with the reference detector and multiplying by √ 2.
2.C. NEMA NU 4-2008 performance evaluation
2.C.1. Spatial resolution
A 0. radial distances of 0, 2, 4, 6, 8, 10, 12, and 14 mm from the center were measured and reported as a FWHM and full-width at tenth-maximum (FWTM).
2.C.2. Sensitivity
The axial sensitivity profile was measured with the same point source used for spatial resolution measurement moving through the axis of PET cylinder with a 0.64-mm step size (half crystal pitch). Data acquired at each position were processed with the energy windows of 400-600, 350-650, and 250-750 keV to investigate the dependence of sensitivity on the energy window. For each sinogram, pixels located within 1 cm from the peaks were used to calculate sensitivities as described in the NEMA NU 4-2008 protocol. The absolute sensitivities corrected for by the branching ratio of 22 Na (% unit) are reported in this paper. The total absolute sensitivity calculated as the average absolute sensitivity over the entire axial FOV is reported.
2.C.3. Scatter fraction, count losses, and random coincidence measurement
A mouse-sized phantom (70-mm length and 25-mm diameter) made of high-density polyethylene (0.96 g/cm 3 ) was used for count rate performance measurement. A flexible tube containing 18 F solution was inserted into a 3.2-mm diameter cylindrical hole located 10 mm away from the central axis of the phantom. The phantom was scanned every 20 min for 5 min with an initial activity of 42 MBq at the start of acquisition until the total activity decayed below 0.5 MBq. The acquired data were processed as described in the NEMA NU 4-2008 protocol, and intrinsic counts were estimated from data acquired with a cold mouse-sized phantom for 24 h. Count-rate plot, peak count rate values, and system scatter fraction are reported for several energy and time window settings.
2.C.4. Image quality
The NEMA image quality (IQ) phantom filled with 3.7 MBq of 2-deoxy-2-[ Random and normalization corrections were applied to the data. The uniformity of a 22.5-mm-diameter and a 10-mmlong cylindrical volume on the uniform region, recovery coefficients of the averaged 10-mm-long hot-rod images, and the spill-over ratio of the volume on the cold region were evaluated.
2.D. Temperature-dependent stability
To evaluate the stability of the SiPM PET system over a wide temperature range, a PET insert was installed in a temperature control box (CT-BDI150; Coretech, Anyang, Korea). While the temperature inside of the box was continuously increased from 5 to 35
• C, two different measurements were conducted with a 22 Na point source located at the center of FOV: one measurement using the SiPM operated with a fixed bias voltage that was optimized at 20
• C and the other one using the SiPM operated with an automatically regulated bias voltage supplied from the real-time adjustment system. Energy peak positions and resolutions were measured at a number of different temperatures between 10 and 30 
2.E. In vivo imaging studies
To show the feasibility of this SiPM PET system, two mouse imaging studies were performed. All animal experiments were approved and conducted in accordance with guidelines established by the Institutional Animal Care and Use Committee at the Seoul National University Hospital.
We intravenously injected 12.4 MBq/0.2 ml [ .7 g) and normal control mouse (24.4 g). Before PET imaging, a CT scan was performed using GE eXplore VISTA PET/CT scanner. Then, the mice and animal bed were manually transferred to the SiPM PET device. Great care was taken to ensure that the posture of the animals was not changed. After a 70-min uptake period, PET images were acquired for 30 min for each mouse. Image fusion of SiPM PET and x-ray CT was performed after spatial registration with a rigid-body transformation between them using  software. 41 
RESULTS
3.A. Detector performance
All of the 1.2-mm crystals in the flood image were clearly resolved, even in the edge region of the crystal array [ Fig. 4(a) ]. The energy resolution for 511-keV gamma ray photons was 14.2% ± 2.0% on average for entire 5184 crystal elements used in the system (best and worst resolutions were 10.5% and 28.9%, respectively); the energy spectra of the crystals in a representative block are shown in Fig. 4(b) . The intrinsic spatial resolution was 0.974 mm on average in a pair of two representative detector blocks. The best and worst values were 0.884 and 1.088 mm, respectively (Fig. 5) . The measured time resolution of a representative SiPM detector block-fast PMT detector pair was 964.5 ps (Fig. 6) , and thus the calculated coincidence time resolution of the detector block is 1.33 ns.
3.B. System performance
Spatial resolution results for FBP and OSEM are summarized in Fig. 7 and numeric results at the center of the FOV and 14 mm off-center are reported in Table I . The volumetric resolutions for FBP and OSEM at the center of the FOV were 1.92 and 0.53 mm 3 , respectively.
The absolute peak sensitivities were measured with a coincidence time window of 12 ns and an energy window of 250-750, 350-650, and 400-600 keV and resulted in 3.36%, 2.50%, and 2.11%, respectively. The total absolute sensitivities, calculated as the average absolute sensitivity over the entire axial FOV, were 1.80%, 1.28%, and 1.05% for each energy window. The overall sensitivity profile is triangular-shaped, as expected, with small bumps at the center of the detector block and in the gap between detector blocks (Fig. 8) . With the energy window of 250-750 keV and a coincidence time window of 12 ns, the peak noise equivalent count rate (NECR) and scatter fraction were 42.4 kcps (at 15.0 MBq) and 16.5% (Table II and 
3.C. Robustness of the SiPM PET system to temperature change
The measured temperatures of the SiPMs used in this system were nonuniform [ Fig. 12 Without applying real-time bias voltage adjustment, the photo-peak positions of the PET energy spectra decreased according to the temperature increase with a slope of −5%/ • C [squares and dashed lines in Fig. 13(a) ]. Slight but gradual degradations in energy resolutions were also observed [squares and dashed lines in Fig. 13 (Fig. 14) . The broadening of the energy spectrum also led to an increased count rate variation. The count rate variation with the fixed bias voltage but with unstable apparent temperature depended on the width of the energy window (Fig. 15) . The maximum count rate changes based on a ±1. .6%, and 13.0%. This serious count rate instability with fixed bias voltage can cause significant quantification error in PET studies with incorrect calibration factors. However, the real-time adjustment of bias voltage yielded very stable photopeak positions and energy resolutions over a wide temperature range (circles and solid lines in Fig. 13 ). Accordingly, we could solve the problems of energy spectrum broadening (14.2% with gain adjustment) and count rate instability (only 1.2% change at 400-600 keV energy window) owing to temperature fluctuation (Figs. 14 and 15) .
3.D. In vivo studies
Figure 16 (a) shows whole-body PET images acquired using the SiPM PET scanner. [ 18 F]FDG uptake is clearly seen in tissues with high glucose utilization, including heart muscle, brown fat, spinal bone marrow, and Harderian glands. In the dopamine transporter image of control mouse, the symmetric and normal uptake of [
18 F]FP-CIT uptake was observed in the bilateral striatum [ Fig. 17(a) ]. On the other hand, [ 18 F]FP-CIT uptake was lower in 6-OHDA-injected striatum of the PD mouse compared with the homologous contralateral region [ Fig. 17(b) ].
DISCUSSION
The SiPMs are suitable photosensors for small animal dedicated PET/MRI because they are available in arrays with small pixel size and operable in the static and timevarying magnetic field. This new silicon sensor has many other attractive properties, including superior amplification gain and a faster response time than proportional-mode APD. However, its gain strongly depends on the applied reverse bias and temperature. Thus, in this study, we used a self-compensation method to maintain uniform SiPM photon counting gain and showed excellent system stability in terms of energy resolution and prompt count rate.
The SiPM PET system developed here yields high spatial resolution and high sensitivity to meet the demands of the molecular imaging scientists. The NEMA performance evaluation results demonstrated that the SiPM-based PET system developed in this study shows excellent imaging performance that is almost comparable to the established PMT-based preclinical PET systems, 42, 43 whereas our system also has a compact size and MR-compatibility. Relatively low NECR at high activity level can be improved with some modifications in acquisition electronics.
In this study, complete information of all single gamma events was transferred to a PC using custom-built DAQ and acquisition software. This allows for retrospective processing of the data, which makes it possible to apply different energy and time windows and generate dynamic images for the same data. This method is particularly useful during the development phase, in which many scanning parameters are not optimized. However, the recording of every triggered event, whether detected in coincidence or not, leads to data transmission and storage bottlenecks in the data acquisition system. It is the reason that the NECR peaked with 15 MBq in the phantom; the 1-gigabit Ethernet connection had saturated and events were lost at higher activity levels. This limitation will be solved by the adoption of coincidence detection in the DAQ system. Bipolar multiplexing is another possible cause of the degradation in count rate performance because the multiplexed detector blocks share readout channels while increasing the probability of pulse pileup. 38 However, the area covering each readout channel (9.33 cm 2 for 8 blocks) is similar to or even smaller than coverage of position sensitive PMT blocks used in state-of-the-art PMT-based small animal PET systems which have outstanding counting rate performances [ nanoScan PET/MRI (Ref. 44) ]. Therefore, the effect appears to be negligible compared to the acquisition electronics. The stability of the PET system is extremely important for the reliable quantification of activity in comparative or longitudinal studies. Thanks to the low power consumption design (<5 W) and real time bias voltage adjustment, our SiPM PET scanner showed strong performance stability with respect to spatiotemporally varying thermal fluctuations without the need of thermal stabilization for PET detector modules and electronics. Additional active cooling to reduce the temperature would be useful for reducing thermal noise (i.e., dark count of SiPM) and improving detector performance (i.e., timing resolution), and reducing the range of temperature variability using the active cooling would be beneficial in maintaining good intrinsic spatial resolution of detector block. However, the downsides of the active cooling are the slow temperature change response and potential water condensation problem.
The space limitation is another technical challenge in the development of PET insert to be combined with small animal dedicated MRI. We designed the PET system to be installed inside a small bore MRI with an opening as small as 10 cm in diameter. Also, we tried to minimize the thickness of PET electronics to achieve 6-cm inner diameter of PET system. The dimension can accommodate mouse whole-body and rat brain imaging even after the RF coils are placed inside PET, which further reduce the transaxial FOV. An existing commercial preclinical PET/MR system in which the PMT-based PET is combined with 1 T permanent magnet MRI would allow larger transaxial FOV, but only the sequential PET and MR imaging is possible using this system. 44 We designed the SiPM PET insert to enable the simultaneous scan with MRI. 30, 31 Nonmagnetic passive electronics and connectors were used, and the PET insert was optically and electromagnetically shielded by a conducting carbon fiber tube. Because it was previously validated that the carbon fiber shields the radiofrequency signal well and maintains good MRI quality, 16, 33 this system is expected to produce high-performance multimodal images if combined with an ultrahigh-field MRI system. The results of mutual interference evaluation between PET and MRI and simultaneous PET/MR imaging will be reported soon in a separate publication.
CONCLUSION
We developed a SiPM PET insert for preclinical imaging studies. The results of the NEMA performance evaluation and animal imaging studies show that the performance of the PET insert is comparable with state-of-the-art PMT-based preclinical PET systems.
